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68,000 locations in Germany in the last two decades, with 1,343 locations in the territory of the City of Hamburg (FEDERAL NETWORK AGENCY, 2010a). 2 The transmission of mobile phone conversations produces high-frequency, electromagnetic radiation, which is at its highest near mobile phone masts. However, there is no scientifically unambiguous assessment of the effect of electromagnetic fields (EMFs) on the human body yet. 3 As a result, possible consequences of cellular phone radiation continue to be at the center of controversial debate. In general, CPBS are a source of uncertainty among tenants, experts and banks and in the past have been at the root of many court disputes resulting in a variety of outcomes. Some biased information and conflict situations enhance in the media also contribute to such uncertainty (BOBKA, 2004) . Those affected also include the owners of residential property, who fear for their rental income and property values. 4 The measurement of discounts on housing prices triggered by antenna masts, however, is seen as significant also by people outside this group of investors: The discounts can be viewed as an unbiased measure of the negative externalities of CPBS perceived by economic agents, which may help render the controversy more objective.
Against this background it is remarkable that the influence of CPBS on the prices of adjacent properties has been given such scant attention in scholarly studies.
The few surveys and/or contingent valuation studies conducted have determined a devastating effect of CPBS on residential property prices. Eighty-nine percent of the questionnaires returned by the households surveyed by BOND & BEAMISH
We study the price structure of condominiums in Hamburg, Germany, which were entirely offered for sale a few years after the population had been made aware of the possible health hazards stemming from EMFs. 6 This way any temporary reactions in residential property prices in the vicinity of CPBS may be excluded. This study is the first hedonic paper on the effect of CPBS on residential property prices in Europe and the first for an entire metropolitan region. Based on detailed data on 1,034 locations of cell phone base stations in Hamburg -a number that no other study has been based on before -we were able to investigate the pricedistance relation between CPBS and residential properties as well as further issues that, according to our knowledge, had not been discussed anywhere else to date.
1)
Does the appearance of a CPBS have any effect on the price-distance gradient in the vicinity of such masts?
2) Do the type, appearance and height of buildings on which CPBS are erected also cause negative externalities?
3) How does the impact of CPBS change when we control for type, appearance and height of buildings on which CPBS are erected?
Section 2 describes the data on which the study is based. Section 3 introduces the empirical models that were used to examine the impact of CPBS on surrounding residential property prices. Section 4 describes the results. A final conclusion is presented in section 5.
Data
Most housing price studies rely on sales prices for single-and two-family homes.
We depart from this approach by using prices of condominiums, which make up the largest share of transactions involving residential properties in Hamburg 6 KNIGHT (2002) show that the difference between offer and transaction prices is greater the longer a property is on the market. If we observed a correlation between time on market and distance to the closest CPBS with respect to our dataset, an unsystematic variance of the difference between listing and sales prices in relation to the distance to the closest CPBS would, thus, be doubtful. In our case, the Pearson correlation coefficient for time on market and distance to next CPBS, however, is small (-0.012) and
insignificant at conventional levels. 9 For the condominium market in Hamburg, where the average differential between listing and transaction prices is approximately 8%, no systematic variance of this difference for properties of different 7 In fact, in Germany a Committee of Valuation Experts that collects sales prices of housing units is located in every county. But in practice strict data protection regulations and high fees make it difficult to get access to detailed datasets of actual sales prices containing information on property's addresses. (The possible consequences of non-public access to property transaction prices have been discussed in detail by BERRENS & MCKEE, 2004.) 8 In the regression that uses the sales price as a dependent variable, a tiled roof, as opposed to an iron roof, is valuated at A$4,800, while the regression where the offer price is the dependent variable arrives at a price premium of A$6,300. In addition, the coefficient of SIZE calculated on the basis of the offer prices exceeds the coefficient calculated on the basis of the sales prices by approximately 20%.
age, size or price category has been observed. 10 Since we use semi-logarithmic forms, which reflect relative -and not absolute -changes in property prices for an additional unit of a characteristic, the offer prices should yield unbiased coefficients.
The study area comprises the entire city of Hamburg, which has an area of 755.2 km² and at the end of the study period a population of 1.767 million (March 31, 2008) . Hamburg is the second largest city in Germany, both in terms of its area and population. The primary source of data for this study is a dataset supplied by F+B GmbH that contains 6,332 listing prices for condominiums in Hamburg that were put up for sale on Internet portals between April 1, 2002, and March 31, 2008. 11 All datasets contain information on the year of construction, size of the condominium, listing price and date, time on market as well as the complete address of the property. In addition, information on the characteristics of the condominiums was extracted from the portals. Using a directory supplied by the Hamburg Office for Urban Development and the Environment (BSU), each address was allocated to one of the 938 statistical districts of Hamburg. A statistical district is the smallest statistical unit for which the Statistics Office of Hamburg collects demographic and socioeconomic population data. 12 In addition, we used GIS to calculate distances between properties and public infrastructure (such as train stations, schools, kindergartens and shopping), bodies of water, green spaces and jobs. BSU has supplied us with further small-scale datasets on the noise pollution caused by road, air and rail traffic for the area of Hamburg, so that we were able to determine property-specific noise pollution levels in dB(A).
The BSU has also supplied us with a data set for all 1,034 13 locations known to the authorities 14 where CPBS were set up that required a permit 15 within the territory of the City of Hamburg. Among other attributes the data set includes the Cartesian coordinates of the CPBS. All coordinates were checked by the authors using aerial photography and supplemented to include data on the location as well as the type of base station. Each property was assigned the nearest CPBS on the basis of GIS. 16 
Hedonic approach and choice of functional form
To assess the effects of CPBS on condominium prices we use hedonic regression techniques (ROSEN, 1974) . The hedonic price function can be written as
13 The deviation in the number of antenna locations according to BSU from the 1,343 locations reported by the FEDERAL NETWORK AGENCY, (http://www.bundesnetzagentur.de/cln_1931/DE/Sachgebiete/Telekommunikation/TechRegT elekommunikation/ElektromagnetischeFelderEMF/Statistik/statistik_node.html, Accessed September 13, 2010a). is caused by the following, according to BSU: The statistics of the Federal Network Agency capture all locations for which a permit has been issued. The Federal Network Agency, however, does not follow up to check whether a CPBS was actually built in each location or whether a CPBS still exists. Nor can it be ruled out that not all CPBS have been reported to BSU.
where P is the listing price of the condominium. O is a vector of the property's physical characteristics. The neighborhood and/or location characteristics are represented by vector N and/or L. C is a vector that captures exposure to CPBS.
The choice of the proper parametric form of hedonic regression equation is the subject of several publications (e.g., CASSEL & MENDELSOHN, 1985 , CROPPER et al., 1988 , HALVORSEN & POLLAKOWSKI 1981 , LINNEMAN, 1980 . However, since their advantage of allowing for non-linearity effects as well as intuitive interpretation of coefficients housing price studies commonly rely on semi-logarithmic functional forms. In recent years, authors have tended to use flexible forms such as the Box-Cox transformation (BOX & COX, 1964) . But, so far, the literature has not overcome the problems of implementing flexible functional forms in the presence of spatial dependence (KIM et al., 2003 , LEGGETT & BOCKSTAEL, 2000 .
As we consider spatial-lag terms in our models described below we use semilogarithmic functional forms for our analysis.
Empirical models

Model 1
In model 1 we use a hedonic approach that takes into account property and neighborhood characteristics, accessibility and noise indicators as well as proximity to CPBS. For the semi-logarithmic form, model 1 can be written as:
where 1, 2, 3, 4, 5, 6, 7 and 8 are representing the set of coefficients to be estimated and ε is an error term. PROP is a vector capturing the property characteristics, including information regarding age and size -that we have considered in both linear form and with an additional quadratic term (e.g., VOITH, 1993) -as well as dummy variables for the property's physical attributes. 17 In selecting the 17 Descriptive statistics of the variables included in the final model specifications are listed in Table I . 
where Emp represents all jobs subject to social insurance in a city district or in one of the surrounding communities. j stands for all city districts and communities other than i, and d ij is the distance between the centroids of i and j. Since some of the city districts cover relatively large areas, we also take into account a districtinternal distance measure d ii (cf. e.g., CRAFTS, 2005) . 19 Access to public transport 20 . ACCESS is thus a vector to map the previously discussed accessibility indicators. 19 In order to avoid overestimation of Emp j and/or Emp i , we did not allow d ij and/or d ii to take on values smaller than 1. The regression coefficient of the gravity variable calculated from the graded weights shows a higher t-value than the coefficient of the variable calculated from nongraded weights. 20 All distance variables are stated as straight-line distances.
NOISE_VIS_DIS is a vector that, in addition to noise pollution in the entry and exit lanes of the Hamburg airport (AIRNOISE: e.g., MCMILLEN, 2004) , also takes into account noise and visual nuisances stemming from road traffic (ROADNOISESQ, WIDEROAD: e.g., WILHELMSSON, 2000) as well as railway noise near railway tracks (RAILNOISE: e.g., DAY et al., 2007) and that captures the distance to industrial sites (DISTIND: e.g., LI & BROWN, 1980) . By introducing a spatial lag term (AUTOREG) we assume that listing prices also depend on the prices of the properties previously put up for sale in the neighborhood , AHLFELDT & MAENNIG, 2010 . Owing to the nature of listing prices, which are generally guided by neighboring property prices, we favor the spatial lag model over the spatial error model, which assumes that spatial autocorrelation emerges from omitted variables that follow a spatial pattern (KIM et al., 2003) . For condominium i the value of the lag term is equivalent to the prices weighted by (4)
The dummy variables representing the most recent year and the most recent season in which a property was offered for sale are captured by the vector TREND.
DIST_CPBS is a vector of two dummy variables that each take the value 1 when the property's distance to the nearest CPBS amounts to up to 100 m (DIST_CPBS_100) or over 100 m and up to 200 m (DIST_CPBS_200); otherwise, the 21 CAN & MEGBOLUGBE (1997) consider properties within a radius of 3 kilometers. However, their study area covers a large-area suburban county in the metropolitan region of Miami. Regarding the small-scale housing market in Hamburg, it is reasonable to assume that the offer price of a condominium is affected only by prices of properties that are located in the immediate vicinity. However, we computed AUTOREG using various critical distances (0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.5 and 10.0 km) and found the best fit of the model when we considered properties within a radius of 1 km. In contrast to CAN & MEGBOLUGBE (1997) , who take into account surrounding properties if they were sold in the previous six months, we believe, given the relatively low volatility of the condominium market in Hamburg during the study period, that it is reasonable to include properties in the neighborhood that were offered for sale within the previous 12 months.
value is 0. According to BOND (2007), we define our external cutoff as 200 m. In contrast to the suburban region analyzed by BOND (2007) (Orange County, Florida), the development of a major city like Hamburg is higher and more dense. In Hamburg, CPBS are primarily set up on buildings where they are less likely to be noticed by residents than would be the case in a suburban area, where CPBS are mostly installed on freestanding masts due to the smaller height of buildings.
Since the radius of potential price discounts in the vicinity of base stations in Hamburg might therefore be smaller, a distance of 100 m was selected as a second (internal) cutoff. 22 Similar to the results of BOND (2007), we expect to find price discounts for condominiums in the vicinity of base stations. However, given the relatively inconspicuous antenna installations in an urban setting, the price effects could also turn out to be insignificant.
We have limited our analysis to condominiums that were offered for sale after December 31, 2004 , because the number of CPBS remained virtually constant after that date, according to information received from BSU in Hamburg. 23 We have also excluded properties where the exact location and construction design of the nearest CPBS could not be identified clearly by means of aerial photography. CPBS installed in church towers or subway ducts (see also Table IV in the appendix) are invisible to residents and usually unknown to interested buyers, which is why they can be expected to have no influence on the property prices in the surrounding areas. Therefore, such CPBS were excluded from the evaluations.
Model 2
In Model 2 we take into account the fact that no two CPBS are identical. As Table   V in the appendix shows, the number of antenna masts per CPBS can differ consi- 22 Land on which a CPBS has been installed might be subject to price premiums due to the rent to be paid by cell phone service providers. Throughout preliminary studies we have examined this aspect by introducing a dummy variable CPBS_ON_ROOF that takes the value 1 if there is a CPBS on the roof of a building that contains a condominium; otherwise, the value is 0. Since coefficients of CPBS_ON_ROOF, however, were insignificant for all of our models, this variable was excluded from the final model specifications. 23 We did not have information on the time when each CPBS was brought online.
derably. A group of antenna masts distributed across the entire rooftop of a building could trigger higher price discounts than a single mast. Whether an antenna is fairly small and inconspicuous or whether it is a rather large construction to which several smaller antennas are installed could also make a difference. In order to study the influence of CPBS in a differentiated manner based on their physical appearance, we have defined Model 2 as follows:
where DIST_CPBS is additionally multiplied by the vector STRUCTURE, which represents the dummy variables defined in Table I , SMALL_CPBS, BIG_CPBS and GROUP_CPBS, whose sum adds up to 1 for each data set. For example, the interactive DIST_CPBS_100 x GROUP_CPBS takes the value 1 for properties within a radius of 100 m from such CPBS which consist of a group of antennas; otherwise, the value is 0. 24 8 and A are vectors of the coefficients to be estimated. 25 All other terms in equation (5) have the meanings already explained for Model 1.
Model 3
Since CPBS are frequently set up on high-rise apartment buildings, commercial buildings, chimneys or freestanding masts (see also 24 The variable SMALL_CPBS and/or BIG_CPBS takes the value 1 if the nearest CPBS is not higher and/or higher than 5 m; otherwise, the value is 0 (see also 26 All other terms in equation (6) have been described previously.
Results
Since White's test rejects homoscedasticity for all models, the standard errors were corrected using White's Correction. Around 87.3% of the variance of listing prices can be explained by the hedonic pricing models used (Table II) . 27 This is an average value when compared to other hedonic housing price studies that control for spatial dependence. All control variables have the expected signs and are predominantly highly significant, yielding values that are plausible also in terms of their amounts. The endogenous variable is the natural log of the last listing price of property. All models include yearly and seasonal dummy variables. * indicates significance at the 10% level; ** indicates significance at the 5% level; *** indicates significance at the 1% level.
Control variables
The coefficients estimated for SIZE and SIZESQ show the expected positive, but less than proportional effect of property size on condominium prices. On the basis of the regressors AGE and AGESQ, we find a quadratic influence for the property's age, with the lowest prices for condominiums that are 65 years old. Regarding the other condominium's physical characteristics, only a generally bad condition of the property (BADCOND) has a negative effect on condominium prices. 28 Among the neighborhood variables only the relationship between average income (IN-COME) and condominium prices is positive. All other coefficients of neighborhood indicators show negative signs. While only properties within 250 m to 750 m distance to the next railway station (DISTSTAT_250_750) experience a premium compared to housing units that are located at a distance of more than 1,750 m to the next station, coefficients of all other variables that measure distance from local amenities have the expected negative signs. Furthermore, access to jobs, measured by EMPGRAV, is seen as positive. While condominiums located next to a major road (WIDEROAD) do not experience any price discounts, the coefficients of all traffic-noise indices (ROADNOISESQ, AIRNOISE, RAILNOISE) are negative and statistically highly significant.
Impact of CPBS 29 The significantly negative coefficient of DIST_CPBS_100 in Model 1 shows price discounts in the amount of 2.2% within a radius of 100 m around CPBS (compared to properties that are located at a distance of more than 200 m from the nearest CPBS). For distances of more than 100 m and up to 200 m around base stations (DIST_CPBS_200) we do not observe any significant price discounts. CPBS in a metropolis like Hamburg, where they are mostly installed on top of buildings, are obviously perceived as less intrusive by residents than they would be by the residents in suburban or rural areas. Consequently, moderate price discounts in the immediate vicinity of base stations that quickly diminish with increasing distance are plausible.
A more subtle picture on the influence of CPBS on residential property prices in 29 Since for all models the results are independent of whether the lag term is included or not, we do not adjust our estimates for spatial correlation ).
x GROUP_CPBS) we observe condominium price discounts of 5.6% and/or 1.9% compared to properties that are located more than 200 m from CPBS. In the vicinity of individual masts, however, we do not find any discounts, regardless of whether they are small or large. It seems that only the proximity to groups of antenna masts is perceived as harmful by the residents of nearby condominiums.
However, model 3 shows that a portion of the price discounts in the vicinity of groups of masts can be attributed to the location where the masts have been in- nor in noisy areas (NOISYNEIGH) or around locations exposed to a visual disamenity (BADVIEW), compared to properties that are more than 200 m from a CPBS. In the immediate vicinity of base stations on high-rise buildings (DIST_CPBS_100 x MULTISTOREY) and/or close to locations exposed to a visual disamenity (DIST_CPBS_100 x BADVIEW), we observe further price discounts. These property price reductions amount to 5.6% and/or 4.6% when compared to properties at a distance of up to 100 m from CPBSs not installed on high-rise buildings and/or in locations exposed to a visual disamenity. The proximity to high-rise buildings and a poor view in Hamburg has therefore a similarly impact on prices of adjacent residential properties as do (groups of) antennas.
Conclusions
Being the first hedonic study that examines the impact of cell phone base stations on residential property prices for a metropolis we find price discounts of 5.2% within a radius of 100 m to groups of antenna masts for condominiums in Hamburg, Germany. Thus, the amount of price discounts is similar to discounts that we have observed in the immediate vicinity of high-rise buildings and/or properties with a poor view. However, we have not found any impact of individual antenna masts on the prices of nearby residential properties in Hamburg. Cell phone service providers should therefore avoid installation of groups of masts in a single location and, instead, opt for a more even spatial distribution of antenna masts.
Our findings can be transferred to rural areas only to a limited extent. Cell phone base stations are ubiquitously found in metropolitan areas and attract less atten- , 1998) . To arrive at a limit value that also accounts for permanent exposure to high-frequency electromagnetic fields (e.g., in one's residential environment), a safety factor of 50 has been established. The whole-body SAR threshold for the general population is thus 0.08 W/kg. Readings will remain below such threshold, in the view of the ICNIRP, if the electric field strength and/or power flux density, depending on the frequency range of the cellular network, does not exceed 41 V/m to 61 V/m and/or 4.5 W/m 2 to 10 W/m 2 (ICNIRP, 1998) .
Since 2003, the Federal Network Agency in Germany has conducted annual measurements at 2,000 locations to determine the overall exposure to EMF in a frequency range from 9 kHz to 300 GHz. 
